Objective: This study aimed to investigate the contribution of CD3 epsilon (ε) epitope and oxidative type of copper-zinc superoxide dismutase to the degeneration processes of cerebellar Purkinje cells in patients with Multiple System Atrophy-Cerebellar type (MSA-C). Methods: This retrospective study was carried out on autopsy specimens of 17 patients with sporadic MSA-C and 10 normal individuals. Paraffin sections of autopsied cerebella and pontes were immunostained with polyclonal antibodies against CD3 ε epitope and oxidative modification to cysteine sulfonic acid of cys 111 in human copper-zinc superoxide dismutase (Ox-SOD1). With respect to the areas of CD3-ε-epitope expression, the immunohistochemical study and the quantitative statistical analysis between the areas of CD3-ε-epitope expression in the surviving Purkinje cells of MSA-C patients and their disease duration were performed. Results: The cell bodies and dendritic arborization including primary, secondary, and tertiary dendrites of normal Purkinje cells were intensely immunostained by the antibody against CD3 ε epitope. Both the immunohistochemical study and the quantitative statistical analysis revealed that the areas positive for CD3 ε epitope disappeared in the order from tertiary dendrites, secondary dendrites, primary dendrites toward Based on the oxidative stress that the surviving Purkinje cells in MSA-C express Ox-SOD1, the functions of morphogenesis and morphological maintenance related to CD3-ε-epitope expression of the MSA-C Purkinje cells are impaired from the peripheral dendrites toward the cell bodies as the center of the Purkinje cell system. In addition, GCIs and NCIs that are pathological hallmarks of MSA also intensely express CD3 ε epitope.
Introduction
The pathogenesis of Multiple System Atrophy (MSA) currently remains unknown.
MSA is a single entity that includes olivopontocerebellar atrophy (OPCA), striatonigral degeneration (SND) and Shy-Drager syndrome [1] . One type of MSA is characterized by damage mainly to cerebellum, especially cerebellar Purkinje cells, and this type is designated as Multiple System Atrophy-Cerebellar type (MSA-C) [2] . Neuropathological findings in cases of MSA-C show the loss of Purkinje cells in the cerebellar cortex, and not only do their numbers decrease, but abnormal morphological changes of Purkinje cells also occur as part of the process of degeneration under MSA-C stress [1] .
Golgi impregnation method has often been used in the study of morphological alterations of cerebellar Purkinje cells from earlier studies [2] . However, Golgi impregnation method itself includes the complexity of staining and its lack of accurate reproducibility. For example, there is the fact that not all normal cerebellar Purkinje cells are reliably stained by Golgi impregnation method: some normal Purkinje cells are stained by Golgi impregnation method, but others are not. Although there must be some molecular difference between Purkinje cells that are positive and negative for Golgi staining, as yet this difference is incompletely understood. To date, a number of molecular markers for the morphological and functional analysis of cerebellar Purkinje cells have already been reported [3] - [13] .
Cluster of Differentiation 3 (CD3) is a membrane protein of T lymphocytes that is generally well known [14] [15] . We reported that human normal cerebellar Purkinje cells of fetus at 21 weeks gestation became positive for CD3 ε epitope for the first time.
The CD3-ε-epitope positive area of Purkinje cells expanded from soma, through the primary dendrites, the secondary dendrites to the tertiary dendrites during the normal development of human cerebellum. The normal cerebellar Purkinje cells at one year and six months of age revealed almost the same immunohistochemical expression pat-tern of cell bodies and dendritic arborization seen in normal adults. Based on the facts that expression of CD3 ε epitope in human normal cerebellar Purkinje cells continued on from the gestation age of 21 weeks to adulthood and that the expression area of CD3 ε epitope extended in the order of the soma, the primary dendrites, the secondary dendrites, and the tertiary dendrites [16] , we are convinced that CD3 ε epitope in human cerebellar Purkinje cells could be involved with morphogenesis and morphological maintenance of normal development stage of Purkinje cells [16] [17] .
In MSA-C, on the other hand, cerebellar Purkinje cells exhibit morphopathological degeneration and eventually disappearing due to cell death as a result of MSA stress of unknown origin. We have analyzed the process of degeneration of cerebellar Purkinje cells in MSA-C from the standpoint of morphodegeneration by using antibody to the CD3 ε epitope. We have also investigated whether or not oxidative stress is directly implicated in the pathogenesis of MSA-C as one of the MSA-C stresses that induce Purkinje cell death by using antibody against oxidized superoxide dismutase 1.
Materials and Methods
This retrospective study was carried out on brain tissues from 17 patients with sporadic MSA-C. The main clinical characteristics in MSA-C patients were summarized in Table 1. None of the patients had been placed on respirators. Autopsy specimens of 10 individuals (4 males and 6 female; aged 43 to 74 years) were also examined as normal cases: all 10 cases showed no neurological sign. All cases were examined within postmortem 24 hours. Formalin-fixed, paraffin embedded cerebella and pontes were used.
Several serial 6 μm sections were prepared from each of the specimens. All paraffin sections were the sagittal sections which intersected cerebellar folia at an angle of 90 degrees. One section was stained with hematoxylin and eosin (H&E) and others were used for immunohistochemical analyses. The following primary antibodies were used for the immunohistochemical study: the polyclonal antibody against CD3 ε epitope (Dako, Glostrup, Denmark, 1:100 dilution) and the polyclonal antibody against oxidative modification to cysteine sulfonic acid of cys 111 in human copper-zinc superoxide dismutase (Ox-SOD1, 1:1000 dilution) [18] . The avidin-biotin-immunoperoxidase complex (ABC) method was used for epitope detection. Briefly, the paraffin sections were deparaffinized and endogenous peroxidase was quenched by incubation for 30 min with 0.3% expressed in the Purkinje cell body or any of the dendritic arborization, whether primary, secondary, or tertiary dendrites; Type 2 = the Purkinje cell body exhibited a positive reaction to immunostaining for the CD3 ε epitope. However, the primary, secondary, and tertiary dendrites were negative; Type 3 = the Purkinje cell body and primary dendrites exhibited a positive reaction to immunostaining for the CD3 ε epitope. However, the secondary and tertiary dendrites were negative; Type 4 = the Purkinje cell body as well as primary and secondary dendrites exhibited a positive reaction to anti-CD3 ε-epitope antibody. However, the tertiary dendrites were negative; Type 5 = the Purkinje cell body and all the dendritic processes, whether primary, secondary, or tertiary dendrites, exhibited a positive reaction to anti-CD3 ε epitope antibody. The CD3 ε epitope staining patterns of cerebellar Purkinje cells from Type 1 to Type 5 were scored Table 2 . Classification of CD3-ε-epitope immunostaining patterns and staining score. 
Results
The tope (Figure 1(d) ). Parts of the dendrites presented the coiled form as one factor of morphopathological degeneration. Most of the tertiary dendrites were negative for CD3ε epitope. The CD3-ε-epitope staining score in MSA-C patients with a disease duration of ≤ 3 years was lower, ranging from 3.07 ± 0.11 to 2.23 ± 0.16 (Table 1) . Related to the immunohistochemical finding that most of the tertiary dendrites of the residual Purkinje cells were negative for the CD3 ε epitope, the width of the molecular layer was narrower in MSA-C patients with the disease duration of ≤3 years than that in normal adults.
The number of the remaining Purkinje cells of the MSA-C patients with the clinical courses of 4 -7 years decreased in comparison with the MSA-C patients with the clinical courses of ≤ 3 years (Figure 1(e) ). The cell bodies of the remaining Purkinje cells became atrophied, and the form of cell bodies showed the oval-like shape (Figure 1(e) ).
The cell body, the primary dendrites, and the secondary dendrites of some remaining Purkinje cells were positive for CD3 ε epitope (Figure 1(f) ). However, the secondary dendrites of the most of Purkinje cells did not express CD3 ε epitope. For patients with the disease duration of 4 -7 years, the CD3-ε-epitope staining score ranged from 2. were observed in all 17 MSA-C patients. GCIs appeared pale structure in H&E staining (Figure 3(a) ). All GCIs were strongly positive for CD3 ε epitope (Figure 3(b) ). In addition, the neurons of pontine nuclei had neuronal cytoplasmic inclusions (NCIs) in 6 of the 17 MSA-C patients. These NCIs were relatively demarcated and appeared pale:
the nuclei were displaced to the cellular periphery in H&E staining (Figure 3(c) ). All NCIs were intensively recognized by immunostaining using antibody against CD3 ε epitope (Figure 3(d) ).
Purkinje cells of the normal cerebellum did not show immunostaining by the antibody for Ox-SOD1 (Figure 4(a) ). By marked contrast, almost of all of the surviving Purkinje cells showed immunostaining by the anti-Ox-SOD1 antibody at varying intensities, regardless of the disease duration of 17 MSA-C patients (Figures 4(b)-(d) ).
Discussion
In normal adult cerebellar Purkinje cells, positive reactivity of the CD3 ε epitope was evident in all Purkinje cell bodies and their primary, secondary, and tertiary dendrites. In the normal developmental process of Purkinje cells from the fetal period through infancy and childhood to adulthood, the CD3 ε epitope first appears in the Purkinje cell body (as the center of the cell system) at 21 weeks gestation. As normal development proceeds, it is expressed first in the primary dendrites, which form the trunks of the dendritic processes, and then in the secondary and the tertiary dendrites in that order [16] . Based on the fact that the functions of CD3 ε epitope in human cerebellar Purkinje cell are involved with morphogenesis and morphological maintenance of normal developmental stage of Purkinje cells [16] , the MSA-C Purkinje cells are considered to be impaired from the peripheral dendrites toward the cell bodies as the center of the Purkinje cell system: the degeneration process in the MSA-C Purkinje cells is the opposite process to that of the normal development.
Cytosolic copper-zinc superoxide dismutase (SOD1) is the most symbolic and typical antioxidant defense enzyme, which eliminates free radicals that cause Purkinje cell damage: SOD1 prevents Purkinje cell damage from free radicals [8] [19] [20] . This is the first report that the surviving Purkinje cells in MSA-C patients expressed Ox-SOD1:
even SOD1 in the MSA-C Purkinje cells is itself in a strongly-oxidized state.
Taken into the consideration that normal Purkinje cells did not express Ox-SOD1, the oxidative stress could be involved as one cause of the degeneration of Purkinje cells:
one of the pathogeneses of MSA-C stresses is an oxidative stress.
The accumulation of α-synuclein is considered to be one of pathogeneses in MSA-C [1] . This consideration is based on the fact that α-synuclein accumulates in glial cytoplasmic inclusions (GCIs) [ [22] . In addition, MSA is characterized by neuronal loss, astrocytosis, and myelin pallor; the most severe lesions are found in the cerebellar Purkinje cells. As for the pathogenesis of the myelin pallor in MSA, GCIs are thought to play a significant role, and the formation of these GCIs may be the crucial event through which the oligodendroglia-myelin-axon pathology causes neurodegeneration [23] [24] [25] . This hypothesis may be supported by the reports about the widespread myelin degeneration in MSA [26] and the loss of myelinated large fibers in corticopontine tracts [27] . In addition, the oligodendrocyte-myelin-axon-neuron relationship pathology would cause the neuronal death [23] .
Together with the possibility that α-synuclein could act as an important factor on the basis of aggregation toxicity, we discuss new findings that GCIs and NCIs were strongly positive for the CD3 ε epitope. When oligodendrocytes are affected by α-synucleinopathy, their morphogenesis is hypothesized to be damaged and the oligodendrocytes begin to degenerate. In response to the degeneration stress, the oligodendrocytes could upregulate the CD3 ε epitope as a repair factor for morphological maintenance and morphogenesis. As a result, the upregulated CD3 ε epitope is sequestered into the inclusions together with α-synuclein. This causes the specific staining in GCIs for the CD3 ε-epitope. Through the oligodendrocyte-myelin-axon-neuron relationship, α-synucleinopathy stress on neurons causes NCIs to form. Since the same pathological process as GCIs could apply to NCIs, NCIs were also intensively positive for CD3 ε epitope. However, the relationship between the inclusion formation and the intense oxidative stress remains to be unknown.
Conclusion
We have showed that the surviving Purkinje cells in patients with MSA-C are subject to severe oxidative stress by using the antibody to Ox-SOD1. We have discovered that the MSA-C Purkinje cells are impaired from the peripheral dendrites toward the cell bodies as the center of the Purkinje cell system by using the antibody against CD3 ε epitope: the functional impairment of morphogenesis and morphological maintenance related to CD3-ε-epitope expression of the MSA-C Purkinje cells follows the opposite order to that of the normal development. We have also demonstrated that the antibody against CD3 ε epitope specifically recognizes GCIs and NCIs, which are pathological hallmarks of MSA.
